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Summary
Background: The establishment, maintenance, and dissolu-
tion of sister chromatid cohesion are sequentially coordinated
during the cell cycle to ensure faithful chromosome trans-
mission. This cell-cycle-dependent regulation of cohesion is
mediated, in part, by distinct posttranslational modifications
of cohesin, a protein complex consisting of the Smc1-Smc3
ATPase, the Mcd1/Scc1 a-kleisin, and Scc3. Although cohe-
sion is established in S phase, cohesins are not sufficient to
maintain cohesion as cells progress from G2 to the meta-
phase-to-anaphase transition. Rather, the cohesin-associated
factor Pds5 is also required to keep sisters paired until
anaphase onset. How Pds5 maintains cohesion at the molec-
ular level andwhether thismaintenance involves the regulation
of cohesin modifications remains to be defined.
Results: In pds5 mutants, we find that Mcd1 is extensively
SUMOylated and that premature sister separation requires
Siz2-dependent polySUMOylation. Moreover, abrogation of
Pds5 function promotes the proteasome-dependent degrada-
tion of Mcd1 and a significant loss of cohesin from chromatin
independently of anaphase onset. We further demonstrate
that inactivation of the Slx5-Slx8 SUMO-targeted ubiquitin
ligase, required for targeting polySUMOylated factors for pro-
teasome-mediated destruction, limits Mcd1 turnover and
restores both cell growth and cohesion in metaphase cells
defective for Pds5 function.
Conclusions: We propose that Pds5 maintains cohesion,
at least in part, by antagonizing the polySUMO-dependent
degradation of cohesin.
Introduction
Sister chromatid cohesion describes the noncovalent pairing
of sister chromatids that occurs during DNA replication until
the onset of anaphase. Cohesion is largely mediated by the
cohesin complex, comprised of four core subunits: the struc-
tural maintenance of chromosome (SMC) ATPases, Smc1
and Smc3, the Mcd1/Scc1/Rad21 a-kleisin, and the HEAT
repeat-containing protein Scc3/SA1 or SA2. Cohesion be-
tween sister chromatids is established exclusively during
S phase, owing to a requirement for the replication-linked
acetylation of Smc3 by the Eco1 acetyltransferase, which be-
comes limiting as cells enter mitosis [1–7]. Cohesion is then
irreversibly destroyed at anaphase onset via the APC/
C-dependent activation of the cysteine protease Esp1/sepa-
rase that targets Mcd1 for site-specific cleavage [8, 9].
Intriguingly, once cohesion is established in S phase, the
core cohesin complex is not sufficient to maintain cohesion*Correspondence: brigitte.lavoie@utoronto.cauntil anaphase. Rather, as cells transit into mitosis, additional
factors are required to maintain cohesion, through both
cohesin-dependent and cohesin-independent mechanisms
[10–15]. One such cohesin-dependent maintenance factor
is the conserved, HEAT-repeat-containing Pds5 protein (pre-
cocious dissociation of sisters 5). Pds5 was first identified as
a cohesion maintenance factor because its inactivation does
not impede cohesion establishment in S phase, but rather
causes a loss of cohesion as cells progress through G2/M
phase [10, 11, 15, 16]. Consistent with this observation, cells
lacking Pds5 function exhibit reduced cohesin binding at
cohesin-associated regions (CARs) on chromatin [11, 17].
Why Pds5 is required to maintain cohesion during G2/M
and how it performs its role at the molecular level are un-
clear. Pds5 may maintain cohesion by either protecting the
integrity of cohesin itself and/or by antagonizing early mitotic
mechanisms that promote the precocious dissolution of
cohesion.
As the S phase establishment and anaphase dissolution of
cohesion are both regulated by cohesin posttranslational
modifications [18–20], it seems likely that cohesin modifica-
tions will also regulate the maintenance phase of cohesion.
In metazoans, the Polo kinase-dependent phosphorylation
of SA2/Scc3 promotes the separase-independent removal
of bulk cohesins from chromosome arms prior to anaphase
onset, in what is known as the ‘‘prophase removal pathway’’
[21]. Although bulk cohesins are not similarly removed from
yeast metaphase chromosomes, Cdc5/Polo kinase promotes
cohesin removal in anaphase via the phosphorylation of
Mcd1, which enhances its Esp1-dependent cleavage [21–
23]. More recently, Cdc5 has also been implicated in antago-
nizing cohesion maintenance through regulation of the SUMO
pathway, possibly by inhibiting the Ulp2/Smt4 (ubiquitin-like
protease 2) SUMO isopeptidase [24]. Ulp2 has been proposed
to protect cohesion in early mitotic cells by removing inhibi-
tory SUMOylation of cohesion maintenance factors, including
topoisomerase II at centromeres and possibly Pds5 [24–26].
SUMO, encoded by the budding yeast SMT3 gene, is a small
ubiquitin-like modifier covalently attached to target protein
lysines through an isopeptide linkage [27]. Numerous func-
tions for SUMO in chromosome transmission fidelity, cohe-
sion regulation, rDNA maintenance, and DNA replication and
repair have been described [24–26, 28–38]. SUMOylation
requires the coordinated activity of E1 activating, E2 conju-
gating, and E3 ligase enzymes, where Ubc9 (E2) and one
of three E3 SUMO ligases (Mms21, Siz1, and Siz2) confer
substrate specificity in vivo [39]. Target proteins can be
monoSUMOylated (at one or multiple sites) and/or sport poly-
meric SUMO chains, which form primarily on SUMO lysines
11, 15, and 19 in a Siz1- or Siz2-dependent manner [28, 29,
40]. While SUMO chains are not essential for cell viability in
budding yeast, they impinge on multiple aspects of chromatin
regulation [38], and their uncontrolled accumulation has been
proposed to underlie the overall cell fitness defect of ulp2D
mutants [28, 29, 40–43].
Recently, a link between SUMO polymers and protein turn-
over has emerged from the identification of a novel class
of ubiquitin ligases that target polySUMOylated proteins
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proteasome [27, 44–46]. These ubiquitin ligases, known as
SUMO-targeted ubiquitin ligases (STUbLs), contain tandem
SUMO interaction motifs (SIMs) characterized by a short
hydrophobic core that is often preceded or followed by a
stretch of acidic and/or phosphorylated residues that prefer-
entially recognize multi- and/or polySUMOylated targets [40,
42, 47–50]. In S. cerevisiae, the Slx5-Slx8 complex functions
as a heterodimeric STUbL in which Slx8 contains RING-
dependent ubiquitin ligase activity and the tandem SIMs of
Slx5 promote recruitment of polySUMOylated proteins [40,
47, 48].
In this study, we describe opposing roles for SUMOylation
in the regulation of sister chromatid cohesion: we show that
while Mms21 is required for efficient cohesion, Siz2-depen-
dent polySUMOylation promotes sister separation in pds5
mutants. Moreover, we show that the Mcd1 cohesin subunit
undergoes extensive SUMOylation and proteasome-depen-
dent turnover in metaphase-arrested pds5-1 mutants and
that abrogation of polySUMOylation, STUbL function, or pro-
teasome activity limits Mcd1 degradation and restores cohe-
sion in Pds5-defective cells. We propose that Pds5 maintains
cohesion in G2/M by protecting the cohesin complex from
Siz2-mediated polySUMOylation and untimely STUbL-depen-
dent degradation.
Results
SUMOylation Both Positively and Negatively Regulates
Sister Chromatid Cohesion
To gain insight into how Pds5 and the SUMO pathway regulate
sister chromatid cohesion, we tested whether inactivation
of any of the three characterized SUMO E3 ligases, Mms21,
Siz1 and Siz2, exacerbates or restores the cell growth and
cohesion defects of pds5-1 mutants. While the previously
characterized mms21DC allele, which is deficient in SUMO
E3 ligase activity [51], exacerbated the temperature sensitivity
of pds5-1 cells, deletion of SIZ2, but not the related SIZ1 gene,
restored robust cell growth even at the restrictive temperature
of 37C (Figure 1A). These data suggest that the Mms21 and
Siz2 ligases play antagonistic roles in regulating the Pds5-
dependent maintenance of cohesion. To test this directly, we
introduced mms21DC and siz2D mutants into PDS5 or pds5-
1 strains expressing a GFP-Tet repressor fusion protein that
binds an array of Tet operators integrated at the URA3 locus,
approximately 35 kb from CEN5. Consistent with our genetic
observations, we found that the mms21DC mutant exhibited
a modest, though reproducible, loss of cohesion in otherwise
wild-type cells and exacerbated the cohesion defect of
pds5-1 mutants (Figure 1B). Conversely, while the deletion of
SIZ2 did not perturb cohesion in wild-type cells, siz2D largely
restored cohesion at two distinct euchromatic loci (URA3
andBMH1) in pds5-1mutants (Figure 1C and Figure S1A avail-
able online). Importantly, this suppression was specific for
pds5-1 cells as deletion of SIZ2 did not significantly alter the
growth of other temperature-sensitive alleles that are gener-
ally defective for cohesion (smc1-2, smc3-42) [52–54], the
establishment of cohesion (eco1-203/ctf7-203) [1], mitotic
chromosome condensation (brn1-9, ycg1-2, ycs4-2) [55, 56],
or cohesin-independent cohesion maintenance (ycs4-2) [13]
(Figure S1B). These observations suggest that Siz2 does not
generally impede cohesion or condensation but rather has a
specific role in antagonizing the maintenance of cohesion
mediated by Pds5. Consistent with this hypothesis, the lossof SIZ2 did not restore cohesion defects observed in mcd1-1
or ycs4-2 temperature-sensitive mutants (Figures 1C and
S1C). Together, these data suggest that distinct SUMOylation
events mediated by different SUMO E3 ligases have opposing
effects on sister chromatid cohesion: whereas Mms21-depen-
dent SUMOylation promotes efficient cohesion, Siz2-depen-
dent SUMOylation leads to precocious sister separation in
cells lacking functional Pds5.
A C-Terminal SUMO Interaction Motif Functionally
Distinguishes Siz1 and Siz2
The clear phenotypic distinction between siz1D and siz2D
mutants in pds5-1 strains was surprising, given the high level
of functional redundancy reported both in vitro and in vivo
between Siz1 and Siz2 [29, 31, 57, 58]. Siz1 and Siz2 are
both modular SP-RING SUMO E3 ligases of the PIAS family
and share extensive sequence conservation (35% identity,
52% similarity), including a predicted internal SIM [29, 58,
59]. Interestingly, we noted that Siz2, but not Siz1, contains
an additional SIM at its extreme C terminus (referred to here-
after as SIM2) (Figure S2A). SIM2 conforms to the pentameric
dominant SIM motif VVDLT [V/I/L/F/Y-V/I-D-L-T], reported
to form high-affinity, noncovalent interactions with SUMO
[49, 50, 60, 61]. To determine whether SIM2 is sufficient to
interact with SUMO, we performed a yeast two-hybrid assay
with the last 12 C-terminal residues of Siz2 and budding-
yeast SUMO, Smt3. We found that SIM2 (VVDLT), but not
a SIM2 mutant (AADAT), was sufficient to interact with
SUMO (Figure S2B). Moreover, a mutant form of SUMO that
cannot be conjugated to target proteins owing to a deletion
of the C-terminal diglycine motif (Smt3DGG) also associated
with SIM2 (Figure S2B), indicating that the interaction is
noncovalent. Therefore, Siz2 contains a bona fide SIM at its
C terminus.
To address whether SIM2 is required to antagonize cohe-
sion maintenance in vivo, we ectopically expressed SIZ2 or a
mutant lacking SIM2 (siz2-SIM2D) in a pds5-1 siz2D back-
ground and monitored cell growth at the semipermissive tem-
perature (35C) (Figure 2). Whereas SIZ2 expression severely
compromised cell viability, expression of siz2-SIM2D partially
supported growth, indicating that SIM2 is required for Siz2
function. Moreover, the presence of SIM2 was sufficient to
functionally distinguish Siz2 from Siz1, at least in the context
of cohesion maintenance, as the expression of a chimeric
SIZ1-SIM2 fusion construct in pds5-1 siz2D mutants phe-
nocopied SIZ2, but not SIZ1. Thus, SIM2 is not only sufficient
to functionally distinguish Siz2 from Siz1 in the context of
Pds5 function, but is also required to antagonize the mainte-
nance of sister chromatid cohesion.
SUMO Chains Promote Precocious Sister Chromatid
Separation
The presence of multiple SIMs in Siz2 suggested that it may
preferentially associate with pre-SUMOylated targets to pro-
mote further SUMOylation on additional lysine residues and/
or to initiate the formation of SUMO chains. To determine
whether SUMO chains antagonize cohesion in pds5-1 mu-
tants, we used a characterized smt3 allele that supports
monoSUMOylation but is compromised for SUMO chain for-
mation (smt3-K11, smt3-K15, smt3-K19R—referred to here-
after as smt3-3R [28]). We found that the smt3-3R allele,
like deletion of SIZ2, suppressed both the cell growth and
cohesion defects of pds5-1 mutants (Figure 3). The robust
growth of pds5-1 smt3-3R cells at high temperatures was
AB C
Figure 1. Dual Roles for SUMOylation in the Regulation of Sister Chromatid Cohesion
(A) Inactivation of SUMO E3 ligases alters the temperature sensitivity of pds5-1 mutants. Log-phase cells were serially diluted 5-fold, spotted onto rich
media, and incubated at the indicated temperatures for 48–72 hr.
(B) Mms21 is required for sister chromatid cohesion. G1-phase-synchronized cultures (23C) were released into rich media containing nocodazole and
rearrested in M phase for 3 hr at 37C. Cohesion at the GFP-marked URA3 locus was determined using fluorescence microscopy in fixed cells by
assessment of the percent of mitotic cells with two GFP spots. At least 100 cells/sample were counted in each experiment (mean 6 SEM, n = 3). Asterisks
indicate statistically significant from WT (p = 0.0007, two-tailed Student’s t test).
(C) Deletion of SIZ2 restores cohesion in pds5-1 mutants. Cohesion assays at the GFP-marked URA3 locus were performed as in (B). At least 100 cells/
sample were counted (mean 6 SEM, n = 3).
See also Figure S1.
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functions upstream of SUMO chains in the regulation of sister
chromatid cohesion (Figure 3C). Importantly, whereas dele-
tion of SIZ2 marginally improved the growth of pds5-1smt3-3R at high temperatures, it did not further restore the
level of sister chromatid cohesion (Figures 3B and S3).
Together, these data support a model whereby Siz2 and
SUMO chains function in the same pathway to antagonize
AB
C
Figure 2. A C-Terminal SIM Distinguishes Siz2
from Siz1
(A) SIZ constructs design. SIZ deletion and fusion
proteins (as per the figure) were cloned alongwith
their endogenous promoters in pRS315 (LEU2
CEN).
(B) SIM2 is required for Siz2 function. Growth as-
says were conducted as in Figure 1A except that
dilutions were spotted on SD-LEU plates tomain-
tain pRS315-based plasmids.
(C) SIM2 functionally distinguishes Siz2 from
Siz1. Growth assays were performed as in (B).
See also Figure S2.
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downstream effect of SUMO chains, rather than SUMOylation
per se, that promotes premature sister chromatid separation
in Pds5-defective cells.
Mcd1 Is Extensively SUMOylated in pds5-1 Mutants
Siz2-dependent polySUMOylation could antagonize the main-
tenance of cohesion by direct or indirect mechanisms. We first
considered that Pds5 itself could be targeted for inhibitory pol-
ySUMOylation since it is known to be SUMOylated during
mitosis [25]. However, we did not observe any Siz2-dependent
changes in the SUMOylation, chromatin association, or protein
expression of Pds5 in metaphase-arrested cells (data not
shown). We then hypothesized that Pds5 could regulate the
inhibitory polySUMOylation of other factors required for cohe-
sion maintenance. Since the SUMOylation of topoisomerase II
(Top2) inhibits centromeric cohesion prior to anaphase onset
[26], we tested whether a non-SUMOylatable allele of TOP2
(top2DC) [31] could suppress the growth defect of pds5-1
cells. However, unlike the genetic suppression observed in
pds5-1 siz2D strains, the top2DCmutant exacerbated the tem-
perature sensitivity of pds5-1mutants (Figure S4A), indicating
that Siz2 likely targets one or more proteins other than Top2 to
downregulate cohesion in early mitosis.Multiple cohesin subunits have been
shown to be SUMOylated in cycling
wild-type cells [25, 34, 35, 37, 62–66],
although it is unclear which, if any, of
these subunits are modified by SUMO
chains. We therefore asked whether
any of the cohesin subunits acquired
additional SUMO modifications in
pds5-1 mutants relative to PDS5 cells.
We found that Mcd1, but not Smc1
or Smc3, exhibited a series of high-mo-
lecular-weight species in nocodazole-
arrested pds5-1 mutants that were only
weakly visible in extracts prepared
from PDS5 cells (Figures 4A and S4B;
data not shown). Strikingly, modified
forms of Mcd1 were specific for the
maintenance-defective pds5-1 allele,
as they were not visible in either smc3-
42 cells, which lack functional cohesin,
or ycs4-2 mutants, which have pre-
cocious sister separation despite the
presence of chromatin-bound cohesin
(Figure 4A; data not shown) [10, 11, 13,
15, 16].To determine whether the Mcd1 modifications observed
in pds5-1 cells were SUMO species, we purified Mcd1-6HIS
with nickel-NTA beads from denatured metaphase-arrested
pds5-1 extracts. After western blotting with anti-SUMO anti-
bodies, we observed a series of Mcd1-SUMO conjugates,
suggesting that Pds5 protects the cohesin complex from
extensive SUMOmodification (Figure 4B; see also Figure S4C).
Moreover, SUMOylation of Mcd1 was largely dependent on
Mms21 (Figure S4D, compare lanes 5 and 6).We therefore infer
that Mms21 promotes the initial monoSUMOylation (or multi-
monoSUMOylation) of Mcd1 prior to addition of SUMO chains
by Siz2.
Pds5 Prevents Proteasome-Dependent Sister Chromatid
Separation
To date, the most well characterized role for SUMO chains is
to target proteins for ubiquitin-dependent degradation by the
26S proteasome [40, 45, 67–71]. We therefore tested whether
Mcd1 protein levels and/or chromatin association were
reduced in cells defective for Pds5 function. In accordance
with previous reports [11], we observed anw5-fold decrease
in the amount of Mcd1 bound to characterized cohesin bind-
ing loci in metaphase-arrested pds5-1 relative to wild-type
cells (Figure 5A). Consistent with this, we also noticed a
AC
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Figure 3. SUMO Chains Promote Premature Sister Chromatid Separation in pds5-1 Cells
(A) smt3-3R suppresses the temperature sensitivity of pds5-1. Serial growth assays were performed as in Figure 1A.
(B) Sister chromatid cohesion in SUMO chain mutants. G1-phase-synchronized cultures (23C) were released into rich media supplemented with nocoda-
zole and then shifted to 37C for 3 hr. Cohesion inmitotic cells wasmonitored at the GFP-markedURA3 locus as in Figure 1B. At least 100 cells/sample were
counted (mean 6 SEM, n = 3).
(C) Mms21 activity is required for growth of pds5-1 smt3-3R mutants. Dilution growth assays were performed as in Figure 1A.
See also Figure S3.
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Mcd1 in pds5-1 mutants relative to wild-type cells. Interest-
ingly, this decrease in steady-state Mcd1 levels was more
readily observed in metaphase as opposed to S phase-
arrested cells, and moreover was independent of Pds1 degra-
dation (Figures 5B and S5A). These data suggest that the
cohesion maintenance defect of pds5-1 mutants derives, at
least in part, from the Esp1-independent destabilization of
cohesin during G2/M phase.
To address whether the decrease in Mcd1 protein levels
was dependent on the ubiquitin-proteasome pathway, we
performed denaturing nickel pull-downs of Mcd1-6HIS from
nocodazole-arrested pds5-1 mutants in the presence or
absence of the proteasome inhibitor MG132. As expected,
we detected extensive ubiquitylation of Mcd1 in MG132-
treated cells (Figure 5C). Furthermore, proteasome inactiva-
tion not only increased Mcd1 protein levels and chromatin
binding in pds5-1 cells (Figure S5C), but also restored sister
chromatid cohesion (Figure 5D). Importantly, MG132 treat-
ment did not further restore cohesion in pds5-1 smt3-3R
mutants, suggesting that the proteasome and SUMO chains
function in the same pathway to antagonize cohesion
maintenance (Figure 5D).
The Slx5-Slx8 STUbL Promotes Sister Separation in pds5-1
We reasoned that when Pds5 is nonfunctional, the Slx5-
Slx8 STUbL targets polySUMOylated Mcd1 for proteasomal
destruction. Consistent with this, Mcd1 protein levels and
chromatin binding were increased in pds5-1 smt3-3R relative
to pds5-1 single mutants (Figure S5D). In addition, inactivation
of Slx5-Slx8 activity, via deletion of SLX5, prevented the
degradation of modified Mcd1 in pds5-1 cells (Figure S6).
Moreover, while pds5-1 slx5D and pds5-1 slx8D double
mutants grew slowly at 23C, deletion of SLX5 or SLX8 sup-
pressed the temperature sensitivity of pds5-1 (Figure 6). Epis-
tasis analysis revealed that deletion of SLX5 in pds5-1 siz2D
mutants did not further increase the maximum permissive
temperature of pds5-1 siz2D cells, suggesting that Siz2 andSlx5-Slx8 function within the same pathway to inhibit cohesion
when Pds5 function is compromised. Most importantly, inacti-
vation of Slx5-Slx8 activity largely restored cohesion in meta-
phase-arrested pds5-1 slx8D double mutants (Figure 6B).
Together, these data support a model whereby Pds5 main-
tains cohesion in early mitosis by protecting cohesin from
Slx5-Slx8-targeted degradation.
Finally, the existence of a polySUMO-dependent mecha-
nism for the destruction of the cohesin complex raises the
intriguing possibility that the SUMO pathway could serve
to regulate cohesin function independently of, and/or in
conjunction with, the cohesin protease Esp1 to ensure the
complete removal of cohesins during anaphase. To test this
idea, we monitored the growth of esp1-1 mutants expressing
multiple copies of the ULP2 SUMO chain deconjugating
enzyme. We found that multicopy expression of ULP2
in esp1-1 mutants resulted in a synthetic sick interaction,
even at permissive temperatures, relative to control strains
(Figure 7A), suggesting a model whereby the efficient and
complete dissolution of cohesion in wild-type cells involves
additional mechanisms beyond Esp1-mediated cleavage
(Figure 7B).
Discussion
Pds5 Maintains Cohesion by Antagonizing SUMO-
Targeted Cohesin Destruction
At a molecular level, how Pds5 maintains sister chromatid
cohesion has remained a persistent enigma. In this study,
we find that Pds5 protects the cohesin complex from poly-
SUMO-dependent proteasomal degradation in preanaphase
cells (Figure 7B). We identify the Mcd1 cohesin subunit as
an important target of this pathway, as abrogation of Pds5
function promotes the extensive SUMOylation, ubiquityla-
tion, and proteasome-dependent degradation of Mcd1.
Importantly, blocking the polySUMO degradation pathway
by the abrogation of SUMO chain formation, STUbL inactiva-
tion, or inhibition of the proteasome not only limits Mcd1
A B
Figure 4. Mcd1 Is Extensively SUMOylated in
pds5-1 Mutants
(A) Mcd1 is highly modified in pds5-1 mutants.
Denaturing whole-cell extracts of metaphase-
arrested cultures (Nz, 37C, 3 hr) were separated
by SDS-PAGE. Posttranslational modifications of
Mcd1-6HAwere detected by western blot using a
monoclonal anti-HA antibody. Tubulin was used
as a loading control. Arrowheads indicate un-
modified Mcd1.
(B) Mcd1 is extensively SUMOylated in pds5-1
mutants. Denaturing whole-cell extracts were
prepared from cultures that were arrested in
mitosis (Nz, 23C, 2.5 hr) and then shifted to
37C for 0.5 hr. Mcd1-6HIS-3FLAG-SUMO conju-
gates were purified using Ni-NTA agarose,
resolved by SDS-PAGE, and detected bywestern
blot using anti-Smt3 (SUMO) antibodies. The
arrowhead indicates unmodified Mcd1.
See also Figure S4.
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pds5 cells.
Our work identifies positive and negative roles for two
different SUMO E3 ligases in the regulation of sister chromatid
cohesion. We find that while Mms21 is required for efficient
cohesion during an unperturbed cell cycle, Siz2-dependent
polySUMOylation antagonizes cohesion when Pds5 is not
functional. Although roles for Mms21 and SUMOylation in
cohesion establishment have been recently described [32,
34, 35, 37], it remains unclear whether Mms21-dependent
SUMOylation also affects cohesion maintenance. Our finding
that Mms21 activity is required both for efficient cohesion
and for the growth of pds5-1 smt3-3R cells suggests that in
the context of cohesion maintenance, Mms21 functions up-
stream of SUMO chains. Moreover, since Mcd1 SUMOylation
is largely dependent on Mms21 (this study; [34, 37]), Siz2 likely
adds SUMO chains onto Mcd1 pre-SUMOylated by Mms21
(see Figure S4D). Whether Mms21 also modifies additional
regulatory targets in the context of cohesion establishment
remains to be determined.
In an effort to identify polySUMO-Mcd1 conjugates, we
noticed that the SUMOylated fraction of Mcd1 was particu-
larly enhanced in pds5-1 smt3-3R mutants (Figure S5D;
data not shown). One characteristic of the mutant Smt3-3R
protein, at least in vitro, is that it can be conjugated to sites
that are not normally modified with wild-type Smt3 [28].
Due to this complexity and the lack of available antibodies
that detect SUMO chains, we were not able to unequivocally
identify polySUMO-Mcd1 conjugates using biochemical ap-
proaches. We nevertheless infer that Mcd1 is modified with
SUMO chains in pds5 cells for several reasons. First, Mcd1
protein levels and chromatin association are increased in
pds5 cells under conditions that either block SUMO chain for-
mation or inhibit the proteasome. Second, the abrogation of
SUMO chain formation (smt3-3R or siz2D), STUbL function
(slx5D or slx8D), or proteasome activity (MG132 treatment) re-
stores sister chromatid cohesion in the absence of functional
Pds5. Finally, blocking both proteasome activity and SUMO
chain formation does not further restore cohesion in pds5
cells relative to perturbing either pathway individually,consistent with a role for SUMO chains
in targeting cohesin for proteasome-
mediated degradation.Interestingly, while pds5 cells exhibit a pronounced defect
in cohesion maintenance, we observed only a modest reduc-
tion in steady-state Mcd1 protein levels that is dependent on
the proteasome but independent of Pds1 degradation (Fig-
ures 5B and S5). As only a minor fraction (13%–30%) of total
cohesins are estimated to be required for robust cohesion
[72], how then does a 50% decrease in steady-state Mcd1
levels cause premature sister separation? One possibility
is that SUMO and/or ubiquitin modifications per se could
contribute to the inhibition of cohesin function. While our cur-
rent data do not rule out an independent role for posttransla-
tional modifications in regulating mitotic cohesins, our finding
that proteasomal inhibition restores both Mcd1 protein levels
and sister chromatid cohesion rather suggests that SUMO-
dependent cohesin degradation, as opposed to inactivation/
removal, is the critical determinant underlying precocious
sister separation in pds5 cells. We propose that a modest
change in bulk Mcd1 steady-state levels could exert a dispro-
portionately large effect on sister chromatid cohesion through
the preferential targeting of chromatin-bound cohesin for
polySUMO-dependent degradation. Consistent with this
idea, chromatin immunoprecipitation experiments in pds5
mutants reveal a much greater (w4–63) decrease in chro-
matin-bound cohesin at CARs (this study; [11]) than predicted
from an w50% decrease in total Mcd1 protein levels. While
the preferential targeting of chromatin-bound cohesins is an
attractive model as both Siz2 and Slx5-Slx8 interact with
DNA and are known to modify chromatin-associated proteins
[32, 33, 58, 71, 73–76], further experiments will be required to
determine the relative susceptibility of chromatin-bound
versus soluble cohesins to the polySUMO pathway. Such a
mechanism would, however, be in keeping with the preferen-
tial targeting of chromatin-bound Mcd1 by Cdc5 kinase and
subsequent Esp1 cleavage [23]. Finally, SUMOylation of addi-
tional protein targets, in conjunction with Mcd1, could collec-
tively promote sister separation. Candidates for polySUMO
regulation are Pds5 itself, as its SUMOylation is regulated
by Siz2 and Ulp2 overexpression [24–26], topoisomerase II,
which inhibits centromeric cohesion upon SUMOylation [26]
and is a substrate of both Siz1 and Siz2 [31, 77], and the
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Figure 5. Proteasome-Dependent Sister Separation in pds5-1 Cells
(A) Chromatin association of Mcd1 is reduced in pds5-1. M-phase-arrested cells (Nz, 23C, 2.5 hr) were shifted to 37C for 0.5 hr, fixed, and then processed
for chromatin immunoprecipitation. Mcd1-6HIS-3FLAG was immunopurified and the ratio of chromatin-bound Mcd1 at V549.7 (CAR) to V534 (NON-CAR)
was assessed by quantitative PCR (mean 6 SEM, n = 3).
(B) Steady-state Mcd1 protein levels in pds5-1mutants. S- or M-phase-arrested cultures (HU or Nz, 23C, 2.5 hr) were shifted to 37C for 0.5 hr. Denaturing
extracts were resolved by SDS-PAGE, and Mcd1-6HA levels were detected by western blot. Quantitation shows the ratios of Mcd1-6HA protein levels
(pds5-1/WT) in S- and M-phase-arrested cells. Chemiluminescence quantitation used a Typhoon scanner (mean6 SD, n = 4), and Mcd1-6HA protein levels
were normalized against a nonspecific anti-HA-reactive band (*). PGK1 was used as an additional loading control.
(C) Mcd1 is ubiquitylated in pds5-1 mutants. M-phase-arrested cultures (Nz, 23C, 2 hr) were supplemented with MG132 or DMSO, incubated for an
additional 0.5 hr at 23C, then shifted to 37C for 0.5 hr. Mcd1-6HIS-3FLAG-Ub conjugates were purified using Ni-NTA agarose under denaturing
conditions, resolved by SDS-PAGE, and detected by western blot using anti-Ub antibodies. Arrowheads indicate unmodified Mcd1. Strains all contain
pdr5D mutation.
(D) Proteasome inhibition restores cohesion in pds5-1mutants. G1-synchronized cultures (23C) were released into richmedia containing nocodazole. After
a 2 hr incubation at 23C, M-phase-arrested cultures were supplemented with MG132 or DMSO, incubated for an additional 0.5 hr at 23C, and then shifted
to 37C for 0.5 hr. Cohesion at the GFP-marked URA3 locus was determined using fluorescence microscopy in fixed cells by assessment of the percent of
mitotic cells with two GFP spots. At least 100 cells/sample were counted in each experiment (mean 6 SEM, n = 3). Strains all contain pdr5D mutation.
See also Figure S5.
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367cohesin subunits Smc1 and Smc3, which are SUMOylated by
Mms21 [32].
Importantly, abrogation of the polySUMO pathway (siz2D,
smt3-3R, slx8D) only partially rescues the cohesion defect
in pds5-1 cells (Figures 1C, 3B, and 6B) and the deletion of
SIZ2 fails to rescue the lethality of pds5D cells (data not
shown). These data suggest that additional polySUMO-
independent processes are also likely to contribute to thedissolution of cohesion in pds5 cells. Pds5 has been proposed
to protect cohesin from Hos1-dependent deacetylation [78];
however, whether the deacetylation and polySUMOylation
of cohesin antagonizes cohesion maintenance via distinct
pathways has yet to be addressed. Further work will be
required to fully define the SUMO-dependent and SUMO-inde-
pendent activities that impinge on the regulation of cohesion
maintenance.
A B
Figure 6. Slx5-Slx8 Promotes Premature Sister Chromatid Separation in pds5-1 Cells
(A) Deletion of SLX5 or SLX8 suppresses the temperature sensitivity of pds5-1 mutants. Serial growth assays were performed as in Figure 1A.
(B) Deletion of SLX8 restores cohesion in pds5-1mutants. Cohesion assays at theURA3 locus were performed as described in Figure 1B. At least 100 cells/
sample were counted per experiment (mean 6 SEM, n = 3).
See also Figure S6.
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polySUMOylation
The existence of a polySUMO-dependent dissolution pathway
in pds5-1 cells prompts the question as to whether SUMO
chains similarly regulate cohesin function in wild-type cells.
Pds5 is a HEAT-repeat protein that directly interacts with
Mcd1 [79] and could maintain cohesion by physically
occluding Siz2, Slx5-Slx8, or the proteasome from the cohesin
complex. We therefore predict that mechanisms that alter
or disrupt Pds5-Mcd1 interactions could enhance the accessi-
bility of cohesin to these enzymes, possibly as cells prepare
for anaphase. Previous studies have noted that steady-
state Pds5 protein levels decrease as cells transit from
S phase to G2/M, concomitant with an increase in the rela-
tive levels of Cdc5-dependent Pds5 sumoylation [10, 24, 25].
While Pds5 modification and/or degradation could initiate
the polySUMO-dependent sister separation, alternative pro-
cesses may also be envisaged.
Our finding that overexpression of the SUMO chain
deconjugase ULP2 compromises the growth of esp1 mutants
supports a role for polySUMOylation in the dissolution of sister
chromatid cohesion in cycling cells (Figure 7). More broadly,
it also suggests that in budding yeast, as in higher eukary-
otes, both Esp1-dependent and -independent mechanisms
contribute to sister separation. In metazoans, the Polo ki-
nase-dependent phosphorylation of SA2/Scc3 promotes the
separase-independent removal of bulk cohesins from chro-
mosome arms to facilitate sister chromatid resolution [21].
While bulk cohesins do not appear to be removed from
yeast chromosomes in G2/M, it is formally possible that
SUMO chains could similarly promote chromosome resolution
through the localized removal of ‘‘established’’ cohesins. It
is noteworthy, however, that regions of loosened cohesion
would likely go undetected on metaphase chromosomes
due to the continual loading of new cohesin onto chromatin.
Finally, SUMO chains could also contribute to the efficientdissolution of cohesion during anaphase, in conjunction with
Esp1, to ensure that all cohesion is efficiently and completely
destroyed.
Regulation of Cohesin Function beyond Sister Chromatid
Cohesion
The role of SUMO chains in the regulation of cohesin need
not be limited to the dissolution of sister chromatid cohesion,
nor even to mitosis. Cohesins are known to impinge on
many fundamental aspects of chromosome metabolism in
addition to sister chromatid cohesion, including higher-order
chromosome organization, gene transcription, and DNA repair
[80, 81]. While Mcd1 cleavage by Esp1 has recently been
shown to promote DNA repair in mitotic cells [82], how chro-
matin-bound cohesins are evicted to accommodate other
chromosomal processes is poorly understood. We propose
that the polySUMO-targeted degradation pathway could pro-
vide such a mechanism. Consistent with this, S-phase-
arrested pds5 cells accumulate high-molecular-weight Mcd1
species and exhibit a reproducible, though modest, decrease
in steady-state Mcd1 levels (Figures 5B and S5; data not
shown). Whether SUMO-targeted Mcd1 degradation modu-
lates cohesin-dependent chromosomal processes prior to M
phase and/or in noncycling cells will be the topic of future
studies.
Experimental Procedures
A detailed description of the methods as well as the strains (Table S1) and
plasmids (Table S2) used in this study are outlined in the Supplemental
Information.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and two tables and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.12.038.
AB
Figure 7. Pds5 Antagonizes PolySUMO-Depen-
dent Separation of Sister Chromatids
(A) Multicopy ULP2 compromises cell growth of
esp1-1. Log-phase cells were serially diluted
5-fold, spotted onto rich media (YPD) or media
lacking uracil (SD-URA), and incubated at the
indicated temperatures for 48–72 hr.
(B) Model for the regulation of sister chromatid
cohesion by SUMO. The S-phase-dependent
monoSUMOylation (or multi-monoSUMOylation)
of cohesin by Mms21 is required for robust
cohesion. In pds5-1 cells, Mcd1 is targeted for
Siz2-mediated polySUMOylation. SUMO chains
then recruit the Slx5-Slx8 STUbL, which ubiquity-
lates cohesin, leading to Mcd1 degradation by
the proteasome and consequential precocious
sister separation. In wild-type cells, Pds5 pro-
tects cohesin from polySUMO-dependent degra-
dation. Mitotic mechanisms that antagonize Pds5
function could permit the polySUMOylation and
STUbL-targeted degradation of cohesin (either
before and/or at anaphase onset) to promote
sister separation in conjunction with the Esp1
protease.
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